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Abstract. We explore the prospects for simultaneous, broad-band, multiwavelength polarimetric observations of GRB after- 
glows. We focus on the role of cosmic dust in GRB host galaxies on the observed percentage polarization of afterglows in the 
optical/near-infrared bands as a function of redshift. Our driving point is the afterglow of GRB 030329, for which we obtained 
polarimetric data in the R band and K band simultaneously ~1.5 days after the burst. We argue that polarimetric observations 
can be very sensitive to dust in a GRB host, because dust can render the polarization of an afterglow wavelength-dependent. We 
discuss the consequences for the interpretation of observational data and emphasize the important role of very early polarimetric 
follow-up observations in all bands, when afterglows are still bright, to study the physical properties of dust and magnetic fields 
in high-z galaxies. 
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1. Introduction 

Various independent studies of GRB afterglows have shown 
that in the optical bands the degree of linear polarization is 
usually rather low, in the order of 1 to 2% (for references see, 
e.g., Bjornsson 2003; Covino et al. 2002, 2003; Greiner et al. 
2003a; Lazzati et al. 2003; Masetti et al. 2003). If this turns 
out to be typical of optical afterglows (of long bursts), then the 
contribution of the dust in GRB host galaxies to the observed 
polarization properties of the afterglows may not be negligi- 
ble. While dust in a GRB host galaxy will also manifest it- 
self by changing the spectral energy distribution of the after- 
glow light away from an original power-law (e.g., Palazzi et 
al. 1998; Ramaprakash et al. 1998), polarization provides an- 
other independent method to constrain the existence of a dust 
component. If the sources responsible for the long bursts are 
located in star-forming regions, cosmic dust in the GRB en- 
vironment will imprint a signal on the polarization properties 
of the afterglow light in the optical/near-infrared (NIR) bands. 
One might then imagine a situation in which the polarization 
by intervening dust (which might be time-independent) can 
dominate over the intrinsic polarization of the afterglow light. 
Motivated by our simultaneous optical and NIR polarimetric 
observations of the afterglow of GRB 030329, we explore here 
how dust in the GRB hosts may affect the polarimetry of the 
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afterglow. Thereby, we concentrate on the wavelength depen- 
dence of the degree of linear polarization P. While the intrin- 
sic polarization of the afterglow light is expected to be due to 
synchrotron radiation and, thus, wavelength independent, any 
additional polarization by dust in the GRB host can introduce 
a wavelength dependence to the measured P. Having this in 
mind, we basically focus on the redshift effect, which modifies 
this potential wavelength dependence of the degree of polariza- 
tion (Serkowski 1973; Serkowski et al. 1975). 

Recently, Lazzati et al. (2003) have discussed the poten- 
tial imprint of cosmic dust in GRB hosts on the interpretation 
of polarization data, with particular emphasis on the afterglow 
of GRB 021004. Whereas these authors concentrated on the 
interpretation of the time evolution of the percentage polariza- 
tion, P(t), here we focus on the wavelength dependence of P at 
a fixed time. The latter comes into play if dust dominates the 
polarimetric properties of the afterglow light. While the time 
evolution of P is basically an indicator for the GRB outflow 
geometry (Ghisellini & Lazzati 1999; Sari 1999; Rossi et al. 
2004; Lazzati et al. 2004; for the cannonball model see Dado 
et al. 2004), the wavelength dependence of P is a signature for 
the presence of dust in the GRB host. Also, whereas a measure 
of P{t) requires an intense monitoring of the rapidly fading af- 
terglow over many days, the wavelength dependence of P can 
be investigated at any time, in particular when the afterglow is 
still in its earliest evolutionary phase, i.e., when the afterglow is 
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brightest. Rapid multiwavelength polarimetric observations of 
GRB afterglows could then allow us to correct for the influence 
of dust once the time evolution of P is studied. 



2. Theoretical approach 

Our basic assumption is that on average the dust properties in 
the GRB host galaxy resemble those of the dust in our Galaxy. 
Though this remains to be proven, currently it is the best ap- 
proach for such a study. In order to describe the wavelength 
dependence of the percentage polarization due to dust in the 
GRB host at a redshift z, we adopt the empirical Serkowski 
law, which for a redshifted host in the observer frame reads 



P(A;z) = P a 



exp(-/nn 2 ((l+z) O^))- 



(1) 



We set K = (1.86 ± 0.09)^(//m) - (0.10 + 0.05) (Wilking et 
al. 1982). In Eq. A. stands for the wavelength of observation 
and P max is the maximum percentage polarization at the corre- 
sponding wavelength Ajj^ in the host. Following Serkowski et 
al. (1975), we set 



^S0an)=i?v/5.5, 



(2) 



where Ry is the ratio of total-to-selective extinction. In the 
case of spectropolarimetric observations of a dust-affected af- 
terglow, the observer would simply find a redshifted (and 
stretched) Serkowski law (Eq. [Q. For broad-band photomet- 
ric observations in a certain band X, however, the percentage 
polarization as a function of redshift z is given by 



P(X;z) 



J °° dAS x (A)F(A)P(A;z) 
jT dAS x (A)F(A) 



(3) 



Here A — Aost/(l + z) is the wavelength of observation, F (A) 
is the observed flux density of the afterglow per unit wave- 
length, and Sx(A) the filter response function. For F(A) we 
adopt a synchrotron spectrum modified by extinction in the 
host: F{A) re A^ exp(-r(/lhost)), where ft is the spectral index, 
t is the wavelength dependent optical depth in the host. When 
calculating the latter for a given visual extinction Ay(host), we 
assumed the extinction curve of the Milky Way (cf. Reichart 
2001). For the filter response functions, Sx(A), we used the data 
provided by ESO for VLT/FORS 1 and VLT/ISAAC. 

We further assumed that the position angle of linear po- 
larization due to dust, 0, is wavelength independent. This sim- 
plification reflects to some degree our incomplete knowledge 
about the nature of the star-forming regions in which the burster 
might be placed. As long as the alignment of the scattering 
grains in the GRB host galaxy is affected by the global mag- 
netic field acting in the host (cf. Covino et al. 1997), we might 
expect however that those dust grains which are mainly respon- 
sible for the NIR polarization are aligned in the same man- 
ner as those which are mainly responsible for the polarization 
at shorter wavelengths. This assumption is supported by ob- 
servational data from star-forming regions in our galaxy (e.g., 
McGregor et al. 1994; Whittet et al. 1994). However, if the line 
of sight crosses dense clumps in interstellar clouds, 9 can be- 
come wavelength-dependent (e.g., Messinger et al. 1997). 
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Fig. 1. The theoretically expected dependence of the degree of 
linear polarization of an intrinsically unpolarized GRB after- 
glow due to cosmic dust in the GRB host galaxy as a function 
of redshift for the optical/near-infrared bands (Eq.[3). Assumed 
here is a Milky Way extinction law with (a) Ry=3.1 and (b) 
Rv=5 (Eq.|2}. The redshifted 2200 A feature is only marginally 
evident in these curves. Nevertheless, we caution that once the 
redshift shifts the photometric bands into the UV domain the 
predictions become less secure. 

The synchrotron origin of the afterglow light implies that it 
is linearly polarized. For our purpose a strict treatment of the 
propagation of this radiation is not necessary since its polariza- 
tion does not depend on wavelength. The subsequent scattering 
of the light emerging from the afterglow by dust grains will al- 
ter its polarization state (leading to an increase or decrease of P 
depending on both the orientation and shape of the grains) and 
leave a spectral imprint which is solely due to the dust. 

Figure ^displays the percentage polarization we expect to 
measure for an intrinsically unpolarized GRB afterglow, if the 
polarization properties of the afterglow light are caused by dust 
in the host following a Serkowski law (Eq.[3), after the correc- 
tion for the Galactic dust contribution. The degree of linear po- 
larization is plotted as a function of redshift for the optical/NIR 
bands in units of the maximum polarization P max measured by 
the observer at A max = (1 + z) A^. 

From Fig. [2 several results become apparent. (1) 
Polarization in the NIR becomes higher than in the optical for 
redshifts z t 0.5...1. Maximum polarization in the NIR bands 
occurs at redshifts z=l to 3. Since most bursts are at redshifts 
z i 0.5, NIR polarimetric observations would be more sensitive 
for dust in the host in basically all cases. (2) Optical versus NIR 
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polarimetry could clearly reveal the presence of cosmic dust in 
a GRB host galaxy along the line of sight due to the strong dif- 
ferences in the (expected) percentage polarization which can- 
not be intrinsic to the fireball light. (3) If the intrinsic polariza- 
tion of GRB afterglows is usually rather low at all times, then 
in some photometric bands the polarization due to dust in the 
host can dominate (e.g., in JHK), whereas at the same time in 
other bands the opposite occurs (e.g., UBVRI). In addition, we 
found that the functional form of P(A)/P mdx is not much sensi- 
tive on the assumed visual extinction, A (/(host) (Eq.|3|l, as well 
as on the spectral index, ft, of the intrinsic afterglow light. 

Naturally, these results rely on the assumption of the 
Serkowski law, including the relation for the parameter K = 
K(A max ) and the assumed value for (Eq.[2}- In particular, 
more generalized functions might be used to describe P(A) in 
the NIR range (e.g., Martin et al. 1999). However, this does not 
affect the qualitative trends which are evident in Fig.^ 

3. The case GRB 030329 

Optical polarimetry of the Optical Transient (OT) of GRB 
030329 was acquired in the R band with the 2.2-m telescope 
at Calar Alto (Spain) equipped with the multi-purpose instru- 
ment CAFOS. The 2048x2048 SITe CCD covered a circu- 
lar field of diameter 16'. A Wollaston prism with rotatable 
half-wavelength, phase-retarder plate allowed splitting the light 
from each object in the field into two beams (separated by 
~ 20" on the CCD frame) which differed for 90° in their phase 
angle. By rotating the retarder plate by 45°, one can sample the 
Stokes' polarization parameters U and Q by using two consec- 
utive images. The quasi-perfect transmission of the Wollaston 
prism makes two orientations sufficient for linear polarization 
measurements (Lamy & Hutsemekers 1999). Using this setup, 
six pairs of images, with exposure time of 300 s for each frame, 
were secured between 22:26 UT of 30 March 2003 and 02:14 
UT of 3 1 March 2003, when the brightness of the afterglow was 
R ss 16.2. The frames were bias-subtracted and flat-fielded with 
the standard cleaning procedure, having care of using flat fields 
collected using the same rotation angle in the retarder plate as 
of the corresponding GRB field image. PSF fitting as imple- 
mented in DAOPHOT II (Stetson 1987) within MIDAS was 
used for the data analysis. The pairs of images were first ana- 
lyzed separately, to look for variations in the U and Q values of 
OT and field stars during the observations. As none were found, 
we coadded together the images with the same retarder plate 
angle and considered the average images in order to increase 
the signal-to-noise ratio of the polarization measurement. In 
order to correct for the instrumental plus Galactic interstellar 
medium (ISM) contribution to the total polarization we used 
a number of bright field stars around the OT and as close as 
possible to it on the image. To evaluate the Stokes' U and Q 
parameters of the optical transient emission, and its percent- 
age polarization P and position angle 0, we applied the method 
described by di Serego Alighieri (1997). The values (not cor- 
rected for the ISM contribution) of these parameters for the OT 
and their average values for the field stars are reported in Fig.|2] 
The corrected measurement of U and Q from our data gives a 
polarization percentage P - 1.1+0.4% and a polarization angle 
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Fig. 2. Plot showing the values of the Stokes' parameters U 
and Q including their lcr error bars, not corrected for ISM po- 
larization, of the OT of GRB 030329 (marked with a filled dot) 
and of the average of field stars (cross) in the averaged 7?-band 
CAFOS data. The latter agrees well with the mean value for U 
and Q of field stars from the VLT+FORS 1 R-bmd campaign 
on this OT (Greiner et al. 2003a), which is reported as an open 
diamond. The OT is separated from the region occupied by the 
field stars: this suggests that it indeed has net intrinsic polariza- 
tion, albeit at low level. 

= 70° ±11°. This value of P is also corrected for the polar- 
ization bias (Wardle & Kronberg 1974). 

K-bwA polarimetry of the afterglow of GRB 030329 was 
performed with the NIR camera Omega Cass mounted at the 
Calar Alto 3.5m telescope on 30.3.2003, UT 22:18 - 23:18, 
when the afterglow had a magnitude of K a 14. Omega Cass 
is equipped with a Rockwell 1024 x 1024 pixel HAWAII ar- 
ray. The camera was used in the wide-field mode (0.3"/pixel), 
giving a field of view of 5' x 5'. Again, a Wollaston prism 
was used. Four polarization sequences were performed, yield- 
ing images at values of 0/90° and 45/135° of the position angle, 
respectively. There was only one comparison star in the field, 
which was assumed to be intrinsically unpolarized. Thus its 
net polarization includes polarization due to both the ISM and 
the instrument, and defines the zero point for the calculation 
of the afterglow polarization. From Fig- Elit is obvious that the 
error of the comparison star which is the brightest star in the 
field of view of Omega Cass dominates the error budget since 
it was about 0.3 mag fainter than the afterglow. The final result 
is P = 2.1 + 1.2%, 6» = 54.1° + 10.4° (Fig.|3J, after correction 
for the polarization bias. Even though our measurement error 
allows for a P — (within 2cr), we note that the polarization 
angle we deduce for the K band is basically identical to those 
found for the R band. This makes us confident that our mea- 
surement relies on a real detection and is not an upper limit. 
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Fig. 3. The deduced Stokes' parameters U and Q of the after- 
glow light in the K band based on the Omega Cass data. The 
cross marks the polarization of the field star while the filled 
dot represents the afterglow. At the time of the observation the 
flux from the underlying host galaxy and from the supernova 
component (SN 2003dh) can be fully neglected. 
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Fig. 4. Result of the spectropolarimetry of the afterglow of 
GRB 030329 based on data taken with VLT/FORS1 1.63 days 
after the burst, nearly simultaneously with the Calar Alto data. 
There is no obvious evidence for a wavelength dependence of 
P. 



In principle, the amount of the percentage polarization 
measured in R and K could be used to constrain the extinction 
in the host along the line of sight using the empirical relation 
P max i 9 £(B-V) found for Galactic dust (Schmidt-Kaler 1958; 
Serkowski et al. 1975). However, the less known ratio of total- 
to-selective extinction of the dust in the host, the scatter of the 



Pmax vs. E(B - V) relation for small E(B - V) (cf. Serkowski 
et al. 1975), as well as the observed spread in the empirical pa- 
rameter K = K(A max ) (Eq.[D cf. Wilking et al. 1982; Whittet et 
al. 1992) naturally limits the validity of such an approach. 

A qualitative constraint on the impact of dust in the GRB 
host galaxy on the fireball light can be set by comparing the 
predicted ratios of the percentage polarization in the differ- 
ent photometric bands (Fig. Q with the observed ones. For 
R v = 3.1 (R v = 5) at the redshift of GRB 030329 (z=0.1685; 
Greiner et al. 2003b), the predicted ratio of the percentage po- 
larization between the R- and the K band is approximately 
4.0 (1.6) if dust dominates, and 1.0 if there is no (aligned) 
dust. Since the former is not evident in our data (we measure 
Pr/Pk = 0.5+0.3), we conclude that at the time of our observa- 
tions, ~ 1 .5 days after the burst, the intrinsic polarization of the 
afterglow dominates over any polarization possibly introduced 
by dust in the GRB host galaxy. This conclusion is strength- 
ened by the results of the VLT polarimetry of the afterglow of 
GRB 030329 (Greiner et al. 2003a). Spectropolarimetric VLT 
data obtained 1.63 days after the burst, thus nearly simulta- 
neously with the Calar Alto data, do not show evidence for 
a smooth wavelength dependence of P in the region between 
400 and 800 nm (Fig.|4jl. The same holds for the spectropolari- 
metric VLT data taken 0.64, 2.56, and 2.64 days after the burst 
(Greiner et al., in preparation). 

4. Concluding remarks 

Encouraged by our successful simultaneous optical and NIR 
polarimetric observations of the afterglow of GRB 030329, we 
have explored here in which manner simultaneous multicolor 
polarimetric observations can reveal an imprint from cosmic 
dust in GRB host galaxies on the afterglow light. We have ar- 
gued that dust in GRB hosts can strongly affect the polarization 
properties of an afterglow, depending on its redshift and on the 
photometric band, in which the observations are performed. In 
particular, the wavelength dependence of polarization due to 
dust, which is in strong contrast to the intrinsic wavelength in- 
dependence of the fireball light, could be used as an indicator 
for the presence of dust. 

With the upcoming S wift satellite mission GRB afterglows 
are expected to be localized within seconds after burst trig- 
ger, in principle allowing for first polarimetric observations 
within the first hour after a burst. Since the amount of maxi- 
mum polarization, f max , can rapidly increase with increasing 
visual extinction within the host galaxy (Schmidt-Kaler 1958; 
Serkowski et al. 1975), in principle large degrees of linear po- 
larization could be detectable for the most intrinsically extin- 
guished afterglows. Conversely, if a wavelength dependent po- 
larization is never found in an afterglow then either the host 
dust properties must be substantially different from those of the 
Galactic ISM, or there is no dust at all, or the magnetic field in 
the host galaxy is weak and/or not well ordered. 

The position angle of the polarization defines the orienta- 
tion of the predominant magnetic field in the host galaxy along 
the line of sight. This predominant field can either be the large 
scale magnetic field acting in the GRB host (in particular, if 
the host is seen edge-on), or the field characterizing the star- 
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forming region in which the burster is placed. The detection of 
interstellar dust extinction in the host without a substantial po- 
larization signal could hint to a strongly tangled magnetic field 
structure in the host galaxy, or even indicate the absence of a 
magnetic field large enough (~ 10~ 8 G) to align the dust grains 
in the host galaxy. Both effects would indicate very strong evo- 
lutionary effects in the galactic magnetic field structure as prac- 
tically all well studied nearby galaxies are known to have or- 
dered magnetic field on large (~ kpc) scales (Kronberg 1994; 
Scarrott 1996; Wielebinski & Krause 1993). In the Milky Way 
the dust grain alignment along the arbitrary line of sights due to 
the Galactic magnetic field produces a polarization per magni- 
tude of visual extinction in the range P/Ay w 0.6 - 3 % mag -1 
(Serkowski et al. 1995). Thus a polarization below this value 
might indicate special conditions in a GRB host galaxy, includ- 
ing the star-forming region in which the burster is placed. 
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